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Apparntas for Providing Optical Radiaffon 

Held of InvfintioD 

This invaition relates to aa apparatus for providing optical radiation. The 
invention has particular relevance for iJigb-poTver fibre lasas, md fijr weldittfe 
dnUing» cutting and moxking qsplications. 
Baefcgroand to the InventiOM. 

Fibre lasers arc increasingly being used for materials processing applicatiom 
subb as wddinfi, orttine and maddng. Their advarttageB include high efficiency, 
lobnstness and bi^ beam qualil^. 

Traditional lasers used ftomaterial processing appUcations predominate at 
aitnimd l.06pm and longpr waveJengHis saicfa as pnsvided by a caibon dioxide laser 
00.6MIU). These lasers arc being supplemented by fibre lasers operating at around 
1.06|jnii. 

Hi^ power fibre lasers are often ^ka^ mode and are often pumped at lii^ 
iatenshy levels. KinsuflBcient optical povirer is provided to saturate the gaia medium, 
vey high inversion levels can reaat leading to sdf Q-swilx^ effects. Ibe result 
can be catastrophic fefluie of tiie optical fibre gain medium or oflia: optical 
oompooents within the laser. This can be a particnlar problem with Wgh-power Q* 
switched lasers and wifli master oscillator power amplifiers. It is also a problem for 
materials processing systeaas whid\ require very high rehaWlity for 24 hour 7 days 
par week operation. 

An aim of die pi^ent invention is to provide an apparatos for providing 
optical radiation that reduces the above aforementioned problem. 
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Summary of the Invention 

According to a non-limiting embodiment of the present mvention, fliere is 
provided apparatus for providing optical radiation wHch apparatus courses a fitst 
aii5>lifier and a first gain controller, in which the first gain controller is configured to 
limit intensity of the tqrtical radiatioii. 

Tbe q)paiatu8 may be defined by an optical dama^ intensify, and in wbidi 
the fiist gain oontioller is configured to limit the intensity of the optical radialion 
below the optical damage intensity. This aq>ect of flic inveotion is particulariy useftd 
in hi^ power an^lifiers and lasers whidb are found to feil catastrophically if pumped 
without the piesttice of a suffident aatoratfag signal. Examples include high eneigy 
Q-switohed lasers itt which feedback is reduced while fee Q-switch is off and the 
cavity Q-feotor is «dxemely low. Ihe inversion builds up and the laser can generate 
giant pulses due to self Q-8wftdifag leading to catastro^ofeilTire. This problem has 
not hitherto be«i addressed and is only now b«»ming important wifli flie emragenoe 
of hi^ power optical iibre lasers and anplifiets fot seotoBpaoe and mataials 
processing applications. 

The apparatus may be in the form of a Q-swttcbed laser m which ihe first 
amplifier forms part of foe Q-switcbed laser. 

The first gain controller may comprise a first cavity within the first amplifier. 
Thd fitst cavity m^ be defined by a first threshold invereion, and the Q- 
switched lasw may be defined by a Q^tohed threshold inversion, and in which foe 
first threshold inversion is higher foan foe Q-switdied thrediold inversion. 

The first amidifier may be *aracterised by an inversion corraqionding to the 
optica damage intanaty. which mvetsicm is greater than foe first threshold inverriofL 
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Hae first gain controller may ctmspAsa an optical source. The optical soxirce 
may be a laser diode, a distributed feedback laser diode, a distribtrted Bng& reflector 
laser diode, or a fibre laser. The wavelangfli of the optical source may be different 
from the wavdengthof^ie optical radiation. The optical source niay be used to 
daiiip the inversion of tiie Q-swibdied laser so that it does not reach the inversion 
oorre^nding to the optioal damage intensity. 

The apparatua may be in the form of a master oscillator power amplifier 
comprising a seed laser» and an optical amplifier. . 

Tlie seed laser may contain the first gain c^troller. The seed laser may be a 
. Q-switdhed laser according to presOTt invention. The output of the first g$in 
controller may damp tiie inversion of the opftioal amplifier. 

The appatatus may be in tii© form of an au^Kficr in wfaidb the first gai n 
controller comprises a cavity. The amplifier may COTiprlse an optical fibre 
disracterised by an invention and in which the cavity clangs tiie inversion. 

The qyparatus may be in the form of an amplifiw, in which die first gain 
contejller comprises a laser. The amplifier may comprise an optical fibre 
charactezised by an inversion^ and the laser damps tfoe inversion. 

The qsparatus maybe configuied to emit greatGr than 1 W of optical power. 
The apparatus may be configured to emit greater than 5W of optical power. 

The qiparatus may be configured to emit at least one opticd pulse greater 
tiian O.ImJf. Hxe apparatus may be configuxed to emit at least one optical pulse 
greater than ImJ. 

The fgaparatus may be in the fbrm of amaat^ osdllatcxr power amplifier 
comprising a seed laser and a power amplifier. 

The seed laser may be a Q-switdied laser according to the invention. 
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The seed laser may be a semicanductor laser, a distributed feedback laser, a 
distributed Bi:&^ roflector laserp or a fitee laser. 

•ni© power amplifier may be m amplifier according to the uivenfioa. 

The aiiparatus may be in ihe form of a materials processing system. 

The qjparatus may comprise a plxirality of seed lasers at diflferent 
wavelengths, a multiplBxer ibr comhimDfi the outputs of the seed lasers, and a power 
amplifier. The seed lasers xnay be oonfigur^ to output at diflSarc^ The 
multiplexer may be a wavelength division m[ul1iplex«. 

The apparatus may coniprise a demultiplexer and a plurality of scannas. The 
seed lasers may be operated in syndironism with the scanners, 

The^E>paratusmayiiioludea«)nttolckcuitto ahepe the optical radiation to a 

'.desired temporal characteristic. 

. The apparatus may emit optical radiation in substantially a sin^e spatial mode 

or a plurality of spatial modes. 

Brief Description of the Drawi«ig6 

Embodiments of the inveidon will now be described solely by way of 
e>cample and with reference to the accon^auymg drawings in which: 

Figme 1 ^ws an ^paratus for providing optical radiation according to the 
present inveation; 

Figure 2 shows an apparatus in the form of a Q-switched laser; 

Figure 3 shows the variation of inversion with time in a Q-switched lasei^ 

Figuxe 4 shows the optiral output of a Q-swit<died laser; 

Figore S shows the output of the first £^ controUer witli tim^ 
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Figure 6 shows variation of inversion with time in a Q-awitched laser that has 
been gain damped; 

Figures 7 shows the optical output of a Q-switdied las^ that has been ^in 
dampled; 

Figoie 8 diows the output of the &st gain controller wifli time from a Q- 
switched laser that has been gain clamped; 

Figure 9 shows apparatus in the fbnn of a Q-swltched las^ in which the fiist 
gain controller comprises an optical source; 

Figure 10 shows apparatus in the farm of amaster oscillator power amplifier. 

Figure 11 shows apparatus in the fbmi of an optical amplifier that comprises a 

cavity; 

Figure 12 ^ws apparatus in the forai of an optical amplifier &at coztquises 
an optical source; 

Figure 13 shows apparatus in the fbrnt of a master osdUator i>ow6r amplifier; 

and 

Figure 14 shows apparatus in &e form of a materials processing syBtem 
oonqpgising a phnality of seed lasta^. 
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Detailed Description of l^referred Embodiments of the Invention 

With reference to Hgiire I, Ihere is provided apparatus for providing optical 
radi^oa 3 winch apparatus corapris^ a first amplifier 1 and a fcst gain controller 2, 
in which tbs first gain controller 2 is configured to limit the intensity of the optical 
radidtion 3. . 

Figure 2 *ows apparatus in the form of a Q-switched laser 20 which contains 
diefiistamplifier 1 andthegaincontn>lW2. The first amplifier 1 ts an optical fibre 
amplifier comprising a pwnp 21^ a pump cottier 22, end a rare-earth doped fibre 23. 
The pump 21 can he a fibre laser, a semiconductor laser diode, or a roodiile 
comprising a plwality of semiconductor laser diodes» and the rare-eardi doped fibre 
23 can comprise an optical fibre doped with ytterbium, erbium, Oiulium, neodymium 
or bolmium, or co-doped with one or more of these rare-earth ions« such optical fibre 
bemg operated as a two, three or four level Ic^er system. The pump coupling 
arraxigemeat can either be based on ooie pumping or clodding pmnpii^^g. The Q- 
switched laser 20 also comprises an optical awitdi 24^ and first and second reflectors 
25, 26. The optica) switch 24 can be an acousto-optic modulator, a Podcels cdl or a 
Kecr cell, and the first and second refiectors 25^ 26 can be gratings, fibre Bragg 
gratings, dichioic minors^ or odier refiectors commonly used in waveguide lam. 
The first z ^i^ controller 2 romprises a first cavity 27 wiflrin the first amplifier L The 
first cavity 27 is formed by two reflectors 2Swhidi can be fibre Bragg gratings. The 
first «vity 27 is configured to lase at a differaot wavelraigOi than the wavelet^ of 
the optical radiation 3 by ^propriate selection of fhe reflectors 28. 

Figure 3 shows Ae inversion 33 of the rare-earfh doped fibre 23 as a function 
of time 34 during low-power opemtion. (Note that more exiactly. Figure 3 shows the 
average inversion 33 as the inversion may vary along ite lenglh). Four invsEsions are 
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shown, namely a maxxmum inversion 30 Nmax, a first cavity inversion 3 1 Nc« a Q- 
switched direshold inversion 32 Nthr, and an inversion 35. The maximizm inversion 
30 Nmax cotresponds to fhe maximum inversion fhat can be adxLeved by pumping the 
Q-switched laser 20 wi£h the pnmp 21 witti the switch OFF and with no feedback 
from reflector 25 and without the presence of the first cavity 27. The first cavity 
inversion 3 1 Nc ooiresponda to the finst threshold, namely the threshold of die laser 
filmed by the first cavity 27. The Q-switched threshold inversion 32 Ntfar 
conesponds to the Q-switched threshold^ namely the average threshold for die Q- 
switched lasea: 20 at a given pulse repedtion.rate. The inversion 35 ooiresponds to ^ 
inversion within Ihe Q-switched laser at. which optical damage occurs within the 
apparatus, namely fhe optical dama^ge intensity 72 lyhich is described with reference 
toFigm^7. 

Figure 4 shows the ou^ut pulse train 40 fcHn fhe Q-switched laser 20 and 
Figure 5 shows the oxilput 50 from ftic first cavity gain controller 2 with time (in this 
ce^ the first cavity 27). The output 50 is zero because the inversion 33 never reaches 
die first cavity invension 31 Nc. 

Figuiie 6 ^ows the threshold 33 for the Q-switched laser 20 achieved for 
either hi^eor power pumpii^ or lower repetition rate. The tfai^hold 33 is clamped 
periodically at the first cavity threshold 31 Nc. When die Q-switch 24 is turned or^ 
the Q-switched laser 20 miits die pulses 70 shown in Figure 7» and the inversion 33 
61Is> The pulses 70 have a peak intensity 71. Figure 6 shows the ou^ 50 of the 
first gain controller 2 (in diis case the first cavity 27) which comprises pulses 80 
which ocour when the inv^on 33 has reached the first cavity threshold 31 Nc. 

The presence of the first cavity 27 widun fhe Q-switched laser 20 can be seen 
to have limited the inversion 33 and hence the intensity 71 of the optical radiation 3 . 
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This is especially use&l for high-power applications for limitine intensity 71 of 

c^Csal radiation 3 soob that it is bdow the optical damage intensity 72 of the 
apparatus. This aspect of ttie invention rdies upon tiiefirattfu«A 
being hijSber than the Q-s witched threshold inversion 32, and tlie inversion 35 shown 
with leferenoe to Figures 3 and $ wnr^sponding to the optical damage intensity 72 
being hi^er ttxan the first threshold 31 * By hi^-power plications it is meant 
plications in which the intensity of the optical radiation 3 within the optical fibre 23 
approacheis or exceeds the optical damage thresholds of the oomponesits wifliin ttid 
apparatus. Experimentally, optical damage has been observed in silica optical fibres 
at intexialties above iGW/cm^ and the sqyparatus is believed to be very nsefol ior 
intensities above 1 0Wf om^ and even more so &r intensities above SOW/cm^ In 
typical single mode laser systems, Aese intensities can correspond to pnlse energies 
greater fimn 0. ImJ and O^mJ respectively, and average output powers greater than 
aronnd 1 W and SW respectively. 

Figure 9 shows apparatus in the form of a Q-switched laser 90 in whidbi the 
first gain controller 2 comprises an optical source 91 and a coupler 92. The optica] 
source 91 can be a laser diode^ distributed feedback laser diode*, a distributed Bragg 
reflector laser diode» or a fibre laser. The operation of the Q-switcihed la»r 90 is 
similar to the operation of the Q^swi^ed laser 20 with the inversion 33 of the first 
amplifier 1 being damped by optical radiation from die optical sowce 91 , The 
optical wavelenglih of the optical source 91 must be difierent firom the waveleogdi of 
the optical radiation 3 and selected to damp the invedtsion 33 of the first amplifier 1 at 
the first threshold 31 Na The optical source 91 can be operated contmuous wave, 
modulated, or pulsed. However it is important that the optical source 9t is damping 
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&e Q-switched laser to prevent the inversion 33 reacbing the inversion 35 
corresponding to the optica damage mteoaity 72. 

Figure 10 shows apparatus in the form of a tnaster oscillator power amplifier 
MOPA 100 comprising a £i6ed laser 101» an Optional isolator 102^ and an optical 
aTnpliller 1 03, The seed laser 101 comprises the ^in controller 2. The seed laser 1 01 
can be the Q-switdied laser 20 with the optical output 50 being used to clamp the 
inversion of the optical amplifier 103. The seed laser 101 can also be the Q-switched 
laser 90 with tiie optical source 91 configured to co-propagate^tfa output radiation 3 
rather than counter propagate as shown in Figure 9. The isolator 102 can be an 
optical isolator, an optical drculatcMr, apolaziser» an optical switch, an aoousto-optical 
modulator* or an electro-optic moduJator such as a Pockels cell or Kerr shutter. 

Figure 11 shows apparatus in the fi>rmofanampUfier 110 in wldch the fi^ 
gain controller 2 comprises a cavity 1 12. The cavity 112 damps the inversion of the 
optic^ fibre 23 in a similar way as desotibed with reference to Figure 2. 

FigOre 12 $hows apparatus in the fi>nn of an amplifier 120 in which the first 
gain controller 2 conqnises Qie laser 91 and the coupler 92. The first gain controller 2 
clamp$ the inversion of the optical fibre 23 in a similar way as described with 
referaice to Figure 9. 

The amplifiers 110 and 120 are usefiil for high-power arid hi^-energy 
applications (>1W or >QAmJ pulses) in which an input signal 1 13 of sufficient 
iDtensity to prevent optical damage cannot be guaranteed (for example in power-on 
' and power-off mode^ power interruption, or cable disconnection). 

Figure 13 shows apparatus in the fi>im of a master oscillator power amplifier 
MOPA 130 comprising a seed laser 131. the optical isolator 102, andapower 
anrplifier 133. The seed laser 13] can be the Q-switcbed lasers 20 or 90, and the 



m 



31-JUL-2003 THU 17:15 SOUTHAMPTON PHOTOHICS FAX NO. 02380780311 

-10- 

power amplifier 133 can be the amplifiers 1 10 or 120. Alternatively dio seed laser 
13 1 can be a senuconductor lasor^ a distributed fi^edbdck laser, a distriboted Bragg 
reflector laser> or a fil^re laser. At least one of the seed laser 13 1 and power amplifier 
133 contains the first gain ooutroUer 2. 

Figure 14 shows apparatus in flie form of a materials {ttocessing ^/stem 140 
comprising a plurality of seed lasws 131, a mxjltipl««r 142, a first amplifier 143, a 
power amplifier 144, a demultiplexer IHS, a plurality of scanniers 146, a detector 1 47, 
and control circmtry 148. The seed lasers 131 can emit at the same wavdiengOi or at 
different wavelengths. The apparatus is -shown with seed lasers 1 3 1 emitting at 
differmt wavelengths, fheir oic^yut powiers being combined by the multiplexer 142 
which can be a wavelength division multiplexer, and the combined signal being 
amplified by the first amplifier 1 43 and the power amplifier 1 44. At least one of fiie 
first and power amplifiers 143p 144 caii be the amplifiers 1 10 or 120. The output 
fiwn the power amplifier 144 is demultiplexed by the demultiplexer 145 whidi can 
be a bulk optic grating separating the different wavelengths to different scanners 146 
which direct en^gy to flie work pieces 1410. Depending upon the configuration of 
the apparatus, there may be 4 clamping signal 141 1 used to limit the output power of 
a component within the apparatus. Hiis can be filtered out by the demultiplexer 145 
as shown. The ^pp^raiUS oan include control circuitry 148 to cootzol the signals fiom 
the seed lasers 13 1 in synchronism witii the sonners 146, This is ^edally useful in 
hi g^-ttvroughput loser maridxig systems in which the same mark is ^li ed to many 
similar items. Optical feedback can be provided with an optical tap 149 and a 
detector 147. The optical tap 149 can comprise a beam splitter. Preferably, the 
optical 1 49 provides infomiation about each wavelength in the syst^ai. 
Alternatively or in addition, fiiere con be provided a plurality of optical taps 149 (not 
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shown) located between the demultiplexer 145 and each scanner 146 in order to 
piovlde infbxxnation on eacdi wavdengdi. The controller 148 may also be used to 
shape the optical radiation 3 to a desired temporal oharaoteristic 1414 such, as a. 
waveform 1412 witii substantially rectangular pulses 1413^ The ^azatus may 
indnde a detector (not shown) to feedback the shape of the optical radiatiotn 3 to the 
contiol circuit 14B. 

Examples of the apparatus have been desmbed widi reference to optical fibxe 
amplifiers. These examples can be applied to lasers and ampliiieis generally such as 
diode-pumped solid state lasers, semiconductor lasers^ waveguide lasers^ and planar^ 
waveguide Ia$er$. Tb$ ^paratus can indude lasers that output in a single s^ 
mode or in a plurality of spatial modes.- The apparatus shown with reference to 
Figure 1 4 can be used with a single acann^, and comprise a single laser of the fozro 
shown with reference to Figures 1 to 13. 

It is to be c^ypredated that the embodimaots of the invention described above 
Nnriih reS^renOO to the accompanying drawings have berai given by way of example 
only and diat modificatioias and additional components may be provided to enhance 
performance. 

The present inveation extends to the above-mentioned features taken in 
isolation or in any combination. 
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Claims 

1 . Apparatus for providing optical radiation which apparatus comprise a first 
amplifier aad a flrat gain coutK)Uer> in which the first gain controller is configured 
to limit the intensity of Oie optical radiation* 

2, Apparates according to claim 2 whexdn the apparatus is defined by an optical 
damage intensity, and in whidi the first gain wmtroUa: is configured to limit the 
intensity of the optical radiation below the c^ticaL dam^e intensity. 

3. Apparatus according to claim 1 or claim 2 inlfae forai of a Q-switched laser in 
which the first amplifier forms part of the Q-switched laser. 

4, AppaTOtusaccoTxIinstoclaim3inwWohlhcfir5tgaincontroU«:TO 

cavity within the first amplifio'. 
$, Apparatus aocoiding to claim 4 m which the first cavity is defined by a first 
fhr^hold inversion, and the Q-switcJied laser is defined by a Q-switched 
threshold inversion, and in which the first threshold invea^ion is hi^er than the 
Q-switdhed threshold inversion. 

6. Apparatus accoTding to daim 5 in which the first amplifier is characterised by an 
inversion correspraiding to the optical damage intensity, whidi inversion is 
greater than the first threshold inversion. 

7. Apparatus accordiiig to daim 3 in wWcb the first gain oontroUercomi^^ 

optical source. 

8. A{^atatufi according to claim 7 in which the optical soinrce is a laser (^^ 
distnbnted feedback laser diode, a distributed Bragg refleotcff laser diode, or a 
ffime laser. 

9. Apparatus according to claim Sin wMdh the wavdength of &e optical souiM 
different from the wavelength of the optical radiation. 
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1 0. Apparatus accotdiqg to daim 9 in vAdoh the optical source is vised to clamp the 
inversion of the Q-switdhed laser so tfaet it does not reach the inversion 
corresponding to the optical damage intensity. 

ILApparatos according to claim 1 or claim2inttie£6nnofamasterosdliatorpower 
amplifier oomprisiiig a seed laser^ and an optical amplifier. 

12. Appaxatus according to claim 1 1 in which the seed laser contains the first gain 
controller. 

13. Apparatus according to claim 12 in which the seed laser is a Q-switched laser 
according to any one of claims 3 to lO. 

14« Apparatus according to claim 13 in which the output of the first gain controller 
danxps die inversion of &e optical amplifier. 

15. Apparatus according to daim 1 or daim 2 in the finm of an amplifier in whicb the 
first gain CQntroUcer comprises a cavity. 

16. Apparatus according to claim IS in which Ihe axnplifier comprises an optical fibre 
chaxactedsed by an inversion and in which the cavity clamps the inversion. 

17. Apparatus according to daim 1 or daim 2 in the form ofan amplifier^ in which 
the fizst gain controller comprises a laser. 

18. Apparatus according to claim 17 in wbkSx the amplifier comprises an optical fibre 
characterised by an inversion, and &e laser clamps the inversion. 

19. Appaxatus according to any one of theprecediag claims in whidi the apparatus is 
configured to CTUt greater than IW of optical power. 

20. App^xahis according to daim 1 9 in whidi the optical pow^ is greater than 5 W. 

21. Apparatus according to any one of the preceding claims in whidi the apparatus is 
configured to eoiit at least one optical pulse greater than 0. ImJ. 

22. Apparatus according to daim 21 in which the optical pulse is greater than ImJ. 
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23. Apparatus according to claim 1 or claim 2 in fhe fonn of amaster oscillator power 
ampUfiCT comprising a seed l^er and a power amplifier. 

24. Apparatus according to claim 23 in which the seed lasex is a Q-$witchcd laser 
according to any one of claims 3 to 10. 

25 . Apparatus according to dqim 23 in which the seed laser is a semiconductor laser, 
a distributed feedback laser, a distributed Bragg reflector laser, or a fibre la$er. 

26. Apparatus according to toy one of claims 23 to claim 24 in which the power 
amplifier is an amplifier according to any one of daixns 15 to 18. 

27- Apparatus in the form of a materials processing system comprising at least one 
eqpparatus according to claims 1 to 26, 

28. Apparatus acconiing to olakn 27 wWcih apparatus comprises a plurality of seed 
la^ at different wavolengtJis, a multiplexer for combining the ou^uts of the 
seed lasers, and a power amplifiert 

29. Apparatus according to claim 2S in which the seed lasers output at difiFerent 
wavelfifigths and in which the multiplexer is a wavelength division multiplexer. 

30. Apparatus according to claim 29 and fltether comprising a demultiplexer and a 
plurality of scanners. 

31. Apparatus accordin^g to daim 30 in yAdch the seed lasers are operated in 
synchronism witb the scaimerfi. 

32. Apparatus according to any one of daims 27 to 3 1 and including a control circuit 
to shape the optical radiation to a desired ten^joral characteristic, 

33. Apparatus accoiding to any of IJie preceding daims in which tte apparatus emits 
optical radiation in substantially a single $patial mode. 

34. Apparatus according to any one of claim? 1 to 32 in wtiidi the apparatus emits 
optical radiation in a plurality of spatial modes. 
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35. Appaiatas sabstantially as herdn described with re&reace to tSxe accompanyitig 
drawings. 
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